ABSTRACT Layered Manganese and aluminum double hydroxides (Mn-Al LDH) were electrochemically synthesized on a Ni, or a Pt substrate by galvanostatic electrochemical reduction of Mn(NO 3 ) 2 and Al(NO 3 ) 3 aqueous solutions mixtures. The obtained XRD data indicated that the interlayer spacing of the Mn-Al LDH was 0.87 nm and was in good agreement with that reported for NO 3 /Mn-Al LDH. The contents of trivalent cation, Al 3+ , in the products were almost identical to those in the corresponding electrolyte solutions. During electrochemical oxidation and reduction of NO 3 /Mn-Al LDH precipitated from a Mn(NO 3 ) 2 and Al(NO 3 ) 3 aqueous solutions 3:1 mixture in a 2 mol dm −3 KOH solution, Al contents in the NO 3 /Mn-Al LDH deviated products decreased by ca. 0.2. Although the dissolution of Al 3+ in the LDHs occurred at the first electrochemical oxidation in a 2 mol dm −3 KOH solution, reversible redox peaks were observed at around −0.2 V vs. Hg/HgO after 2nd cycle of CVs.
Introduction
Recently, a great deal of attention has been paid for layered double hydroxides (LDHs), such as Mg/Al, 1 Co/Al, 2 Ni /Al,
35
Ni/Fe, 6 and Zn/Al, 7, 8 because of their potential applications as precursors for catalyst, as anion exchangers, as electrolyte, as sensors, and so on. n¹ is an anion which is incorporated in the interlayer to maintain the charge neutrality of the LDH. 12, 13 The main layer of LDH written as [M(II) 1¹x MB(III) x (OH) 2 ] has a positive charge because divalent ions are replaced with trivalent ions. Both divalent and trivalent ions are located at the center of octahedra composed of OH ¹ ions; M(OH) 6 and MB(OH) 6 octahedral units share edges forming 2D layers. It is thought that some LDHs, such as Co or Ni based LDHs are promising energy storage materials. 2, 5 LDH structure enables the stabilization of layered structure by partial isomorphous replacement of the Co or Ni active sites with Al. This feature is one of the advantages of using LDH as a cathode material of secondary battery.
A typical synthesis method of LDH is the controlled precipitation by the addition of an alkaline solution. A mixed solution of M(II) and M(III) nitrate solutions was added dropwise to 1 M guest anion solutions at controlled solution pH 9 and temperature. , and some organic anions. 12 In both cases, Mn-Al LDH have synthesized by standard coprecipitation procedure.
The modification of electrode surface with LDH is one of the important issues to be concerned, 5, 8, 14 especially when LDHs are used as cathode materials and electrochemical sensors. Previously, we reported that the uniform and size controlled manganese hydroxides can be prepared on an electrode surface by the electrochemical precipitation method with a single step procedure. 15, 16 Although this method is valuable for the formation of a thin hydroxides layer on the substrate, only few studies have reported the synthesis of LDH by the electrochemical precipitation. 2, 3, 8, 14 Among them, we could not find any reports on the synthesis of Mn-Al LDH via electrochemical precipitation method.
In the present work, electrochemical synthesis of manganese aluminum LDH on an electrode surface has been investigated to modify an electrode substrate with Mn-Al LDH by a single step procedure. The electrochemical behaviors of those LDHs directly precipitated on an electrode surface have also been reported. Table 1 . A Hokuto Denko HZ5000 automatic polarization system was used for the electrochemical synthesis and measurements.
Characterization
The film products precipitated on the Ni substrates were gently rinsed with doubly deionized water and dried in the air followed by XRD, SEM, ICP, and electrochemical measurements. The morphology of the products on the substrates was investigated by a Hitachi JSM-5900LV scanning electron microscope. The Mn and Al contents in the products on the substrates were determined by a Shimadzu ICPS-7000 sequential conductively coupled plasma atomic emission spectrometer (ICP-AES). The products on the substrates were dissolved in a small quantity of piranha solution (conc. sulfuric acid and hydrogen peroxide 3:1 mixture) and were diluted with a doubly deionized water to prepare ICP/AES sample. A Shimadzu XDD1W powder X-ray diffractometer with CuKa radiation source of 30 mA and 40 kV (K = 0.154 nm) and a graphite monochromator in the path of the diffracted beam was used for XRD measurements of the precipitate products on a Ni substrate of 25 © 50 mm or a Pt substrate of 25 © 30 mm. A 2ª range from 5 to 75°was continuously scanned at a rate of 1.0°min
The electrochemical redox behaviors of the coprecipitated film on a Pt substrate in oxygen free 2 mol dm ¹3 KOH aqueous solutions were investigated using a single compartment electrolysis cell with three electrodes. A fresh coprecipitated film thoroughly rinsed with oxygen free deionized water was used as a working electrode and was immersed into the KOH aqueous solution. A Hg/HgO was used as a reference electrode, and Ni(OH) 2 -NiOOH electrode was used as a counter electrode. The electrochemical measurement was performed within a minute after the working electrode was immersed into the electrolyte solution.
All chemicals for the synthesis of hydroxides containing Mn 2+ and Al 3+ were of regent grade purity, and chemicals for ICP measurements were of AAS/ICP grade purity; they were used as received without further purification. All solutions were prepared with doubly deionized water of 18.2 M³ cm in electric conductivity obtained from ADVANTEST CPW101 ultra pure water system.
Results and Discussion
3.1 Electrochemical co precipitation of manganese and aluminum double hydroxides After 10 minutes constant current electrolysis, white or yellowish film was formed on the Ni substrate from all electrolyte compositions, except for 0.1 mol dm ¹3 Al(NO 3 ) 3 . Figure 1 shows the XRD patterns of the product films on the Ni substrate. As shown in Fig. 1 3 , the precipitated products showed only two diffraction peaks at around 10.1 and 20.2, and no diffraction peaks except for Ni substrate were observed. The intensities of the diffraction peaks at 10.1 and 20.2 tended to show their maximum when the molar fraction of Al/ (Mn + Al) of the electrolyte solution was 0.5. As described later, the value of 0.5 is almost equal to that in the coprecipitated product. Formation of Mn(OH) 2 , Al(OH) 3 , and any other manganese oxide was not confirmed from the XRD data. It was clearly shown that some layered compound grew during electrochemical precipitation process. Aisawa , the obtained coprecipitated products on the substrate are thought to be NO 3 / Mn-Al LDH like compounds. SEM images of the precipitated products from various compositions of electrolytes are shown in Fig. 3 . In all cases except for Mn(NO 3 ) 2 or Al(NO 3 ) 3 was used solo, the morphologies are almost identical, and the substrate was covered with the film liked smooth precipitates. The shape of the precipitates Mn:Al = 1:1, 1:3, and 3:1 are quite different when they are compared with precipitates Mn:Al = 1:0, obtained from 0.1 mol dm ¹3 Mn(NO 3 ) 2 aqueous solution. Figure 2 shows the molar ratios of Al/(Mn + Al) in the film products plotted against those in the electrolysis bath. As shown in Fig. 2 , the ratios in the film products were equal to those in the electrolysis bath. These results indicated that NO 3 /Mn-Al LDH like products was precipitated on the Ni substrate by the galvanostatic electrochemical reduction of Mn(NO 3 ) 2 and Al(NO 3 ) 3 mixed electrolyte solution. It is believed that the maximum ratio of the divalent Electrochemistry, 80 (11), 879882 (2012) to the trivalent cations to form stable LDHs is 2.0. 17 This ratio is identical to that the x value in the formula (1) 
In case of Ni based Hydrotalcite, the x values necessary to form the pure phase are ranging from 0.17 to 0.44. 3 The ratio of the divalent to the trivalent ions depends on interlayer anions, divalent and trivalent cations of the LDHs and preparation conditions. In case of Mn-Al LDHs, among them, the reported Mn to Al ratios are ranging from 1.87 to 2.13.
12,13
In the present work, the maximum diffraction intensity was observed when the Mn/Al ratio was 0.5. The ratio is too low when it is compared with those of NO 3 /Mn-Al LDH(Mn/Al = 2). One possibility is that the obtained LDH is a mixture of the NO 3 /Mn-Al LDH(Mn/Al = 2) and amorphous Al(OH) 3 , and others is a LDH whose trivalent contents exceeds the stoichiometry of a general MnAl LDH. As shown in Fig. 1, d 003 diffraction angles of Mn:Al = 1:1 and Mn:Al = 1:3 is slightly lower than those of Mn:Al = 3:1 and Mn:Al = 2:1. This deviation indicates that some structural differences exist among the samples of Mn:Al > 1 and Mn:Al < 1. At the present, we cannot decide the accurate chemical formula of the coprecipitated product.
Electrochemical behavior of the electrochemically
coprecipitated manganese and aluminum double hydroxides The electrochemical redox behaviors of the coprecipitated film on a Pt substrate in 2 mol dm ¹3 KOH aqueous solutions were investigated. Initial cyclic voltammograms of the precipitated film prepared from Mn:Al = 1:3 are shown in Fig. 4 . Although no anodic peak was observed at the first anodic scan, a cathodic peak was observed in its reverse scan. Well defined reversible redox peaks were observed at around ¹0.2 V after the second cycle, and the peak currents gradually increased with increasing cycle number until the currents reached maximum at the cycle number of 6. After immersing the precipitated products in 2 mol dm ¹3 KOH aqueous solutions, Al content in the precipitated products became low and Al was assumed to be dissolved into KOH aqueous solution during immersion in the electrolyte solution and/or electrochemical reaction. The results indicated that the chemical composition of Mn-Al LDH changed during the first CV cycle. After 6th cycle, the peak current decreased with increasing cycle number. Figure 5 shows the Cv's at their maximum current for each sample precipitated from the different compositions of electrolyte. In all cases, the current are normalized with the manganese contents in the precipitated products. As shown in Fig. 5 , the current maximum was observed when Mn:Al = 1:3 was used, while the maximum XRD peak intensities were observed at Mn:Al = 1:1 sample. The XRD patterns of the oxidized and reduced states in CV cycle of the precipitated products of Mn:Al = 1:3 are shown in Fig. 6 . The symbol A denotes the oxidation states of 0.4 V at the first anodic scan, B denotes the ¹0.4 V at the followed cathodic scan, and AB the 0.4 V at the anodic scan in the second cycle. At the present, the peaks assignment has not done yet, Birnessite like layer structured Electrochemistry, 80 (11), 879882 (2012) manganese hydroxides formed during the first CV cycle. The Al contents in the proceeded LDH were also investigated. The molar fraction of Al/(Mn + Al) in the proceeded LDH at the reduction state of B was ca. 0.26, while those at the oxidation states, A and AB were less than 0.1. Although the Al contents in the product decreased during electrochemical oxidation and reduction cycles, Al was still kept in the products. The electrochemical coprecipitated Mn-Al LDHs enabled us to carry them into electrochemical measurements.
At the present, there are two unclear phenomena are still remained. One is why is the Al 3+ contents in the prepared Mn-Al LDH much higher than the expected value and others are reaction mechanism of the electrochemical reaction of the Mn-Al LDH and structural changes during the electrochemical reaction. The present work is the preliminary and further study will be required to understand and make clear the behavior and characteristic of the Mn-Al LDHs prepared from electrochemical precipitation technique.
Conclusion
Layered manganese and aluminum double hydroxides were precipitated on the Ni substrate by the galvanostatic electrochemical reduction of Mn(NO 3 ) 2 and Al(NO 3 ) 3 mixed electrolyte solution. The obtained layered manganese and aluminum double hydroxides were assumed to have the same d003 and d006 spacing with NO 3 /Mn-Al LDH (Mn/Al = 2), thought the contents of trivalent cations, Al 3+ was too high when they were compared from this stoichiometric value.
Electrochemical coprecipitated Mn-Al LDHs enabled us to carry them into electrochemical measurements, because the LDH prepared in the present study was directly contacted with an electrode surface when it was precipitated. At the present, unclear phenomenon such as aluminum content of the prepared Mn-Al LDH is much higher than the value expected from the stoichiometry of LDH. Although the aluminum contents in the Mn-Al LDH decreased during the electrochemical reaction in 2 mol dm ¹3 KOH aqueous solutions, reversible electrochemical oxidation and reduction proceeded. Further study will be required to understand the behavior and characteristic of the Mn-Al LDHs prepared from electrochemical precipitation technique. Electrochemistry, 80 (11), 879882 (2012) 
